Aposematic organisms advertise their defensive toxins to predators using a variety 19 of warning signals, including bright coloration. While most Neotropical poison frogs 20 (Dendrobatidae) rely on crypsis to avoid predators, Oophaga poison frogs from South 21 America advertise their chemical defenses, a complex mix of diet-derived alkaloids, by 22 using conspicuous hues. The present study aimed to characterize the skin transcriptomic 23 profiles of the South American clade of Oophaga poison frogs (O. anchicayensis, O. 24 solanensis, O. lehmanni and O. sylvatica). Our analyses showed very similar 25 transcriptomic profiles for these closely related species in terms of functional annotation 26 and relative abundance of gene ontology terms expressed. Analyses of expression profiles 27 of Oophaga and available skin transcriptomes of cryptic anurans allowed us to propose 28 possible mechanisms for the active sequestration of alkaloid-based chemical defenses and 29
INTRODUCTION 38
Aposematic organisms advertise their defensive toxins to predators using a variety 39 of warning signals [1] [2] [3] . Among aposematic species, the poison frogs (Dendrobatidae) 40 from the tropical rain forests of Central and South America represent one of the most 41 spectacular examples of warning coloration. While the majority of dendrobatids rely on 42 crypsis to avoid predators, some members of this family are both brightly colored and 43 chemically defended [4] . From a genetic point of view, these aposematic defenses can be 44 defined as a complex phenotype resulting from the integration (i.e. covariation) of 45 different genetic elements related to conspicuousness, bold behavior, unpalatability, diet 46 specialization, etc. While a long history of research has been devoted to understand the 47 genetics of warning coloration in arthropods, particularly in Heliconius butterflies [5, 6] , 48 the molecular underpinnings of aposematism in vertebrates, particularly the mechanisms 49 whereby individuals become toxic (or distasteful) remain mostly unknown. In this study, 50 our primary aim was to characterize the skin transcriptomic profiles of Oophaga species 51 as a first attempt to shed light on the molecular genetic bases of aposematic components 52 in poison frogs: the ability to sequester alkaloid-based chemical defenses, warning 53 To test these hypotheses, we first assembled the skin transcriptomes of five 87 different Harlequin poison frogs species: O. histrionica [19] , O. lehmanni [20] , O. 88 sylvatica, [21] and the recently described O. anchicayensis and O. solanensis [22] . Then, 89 we compared the transcription profiles of these aposematic species with that of a diverse 90 group of cryptic anurans. Functional annotation of unigenes showing a phylogenetic 91 signal (i.e. highly represented and differentially expressed in Oophaga poison frogs) 92 allowed us to propose plausible metabolic pathways (and candidate genes) related with 93 toxicity and color. Overall, this study provides an important molecular resource for the 94 study of aposematism within poison frogs and will facilitate the future assembling and 95 annotation of the complex dendrobatid genomes [23] . 96 97 METHODS 98
Library preparation and sequencing 99
Due the conservation status of these frogs (CR, EN, VU; IUCN) and the 100 restrictions imposed by the Ethics Committee, we were allowed to euthanize a very 101 limited number of samples per species. Seven individuals (O. lehmanni and O. 102 anchicayensis, n=2 per each species; O. histrionica, O. sylvatica, and O. solanensis, n=1; 103 each species) were euthanized in the field with benzocaine gel at 5% by direct application 104 into the mouth cavity. Individual skin samples were taken and stored at -80 °C in 105
RNAlater® (Life Technologies, Carlbad, CA). RNA extractions were performed using 106 
Transcriptome assemblies and functional annotation 122
Initial read quality trimming, filtering and removal of adapters was performed 123 using FLEXBAR v.2.5 [24] . All retained reads were ≥ 50bp with an average quality of ≥ 124 30 and less than two uncalled (ambiguous) bases (S1 Table) for sequence divergence among the taxa included in our study (≈75-98 similarity), we 183 followed [38] and ran the alignment algorithm allowing for soft clipping (--local) and 184 with a maximum penalty value of three (--mp 3) . Then, we implemented eXpress [32] to 185 estimate the effective number of reads (ER) that mapped to the contigs in the reference 186 transcriptome after adjusting for read number and length biases. Only unigenes with an 187 average of >10 ER/library were included in the differential expression analyses [39] . 188
To identify genes showing a phylogenetic signal in their expression levels and to 189 estimate fold changes in expression levels between aposematic (i.e. Oophaga) and cryptic 190 species, we followed [40] and implemented the R package DEseq [41] to select unigenes 191 with an adjusted p-value of <0.05. To visualize patterns of expression, we constructed a 192 multidimensional scaling plot (Euclidean distances) of the ER data using Past v. 3.18 193 [42] . A heatmap of the expression differences between Oophaga and cryptic anuran 194 lineages (ngenes=1,931) was generated using the 'heatmap.2' function of the 'gplots' 195 package, with Euclidean distances and complete linkage for clustering (bootstrap=999) 196 [43] . BLAST analysis and GO term mapping for the 1,931 unigenes included in this 197 analysis was performed as described above. 198
199

RESULTS 200
Transcriptome assemblies and functional annotation 201
Illumina sequencing produced an average number of reads per sample of 118.3 202 million for paired-end and 37.7 million for single-end libraries. After a stringent read 203 trimming involving the removal of low-quality sequences, duplicated reads and reads 204 containing adapter/primer sequences, we retained over 81% of the initial sequencing data. 205
Paired-end libraries produced a fairly consistent number of reads (S1 Table) . 206
After the removal/merging of highly similar contigs (paired-end:7,5% -9,6%; 207 single-end: 6.0% -13.4%), the 150-bp based transcriptomes recovered a large number of 208 Comparative BLAST analysis indicated that our transcriptomes recovered a 221 significant proportion of the X. laevis and X. tropicalis transcriptomes (50,592 and 41,042 222 unigenes respectively). Paired-end transcriptomes showed a lower number of significant 223
BLAST hits (18,263 -29,670 ) than single-end libraries (18,526 -40,651 ) (S1 Fig). In 224 general, individual de-novo transcriptomes were of good quality and recovered 51-79% 225 of the core eukaryotic universal single-copy orthologs [29] (S3 Table) . Table) . 238
Gene Ontology (GO) assignments were used to classify the functions of the 239 predicted unigenes based on contigs with significant BLASTX (E-value ≤ 10−5). Based on 240 GO level II, unigenes were assigned to 27 biological processes (BP), 22 cell components 241 (CC) and 15 molecular functions (MF) (S2C Fig) . Some unigenes were associated with 242 multiple GO annotations because a single sequence may be annotated in any or all 243 categories, giving more GO annotations than sequences annotated [44] . Within BP, ~47% 244 of the annotations were assigned to basic cellular, metabolic processes and biological 245 regulation. The remaining unigenes were involved in a broad range of BP such as 246 response to stimulus (7%), response to stress (7%), localization (6%), developmental 247 process (5%), signal transduction (4%), biogenesis (4%), immune response (2%), 248 reproductive process (1.7%) and cellular adhesion (1%). Within the CC category, other 249 than the essential cell constituents (44%), the membrane components were highly 250 represented in the transcriptome (19%). Within MF, most of the unigenes were assigned 251 to binding and catalytic activities (72%) followed by transporter activity (9%), molecular 252 transducers (7%) and molecular function regulators (4%) (S2C Fig) . Table) . This indicated that after the optimization of our alignment parameters, a 273 considerable amount of reads from each RNA-seq library actually mapped to our 274 composite de novo transcriptome. After the removal of contigs with low expression 275 profiles (<10 read counts), our RNA-seq dataset was composed of reads mapping to 276 20,771 genes. Multidimensional scaling plots (stress<0.05) revealed a clear separation by 277 groups (Oophaga vs. cryptic species, p<0.001 Bonferroni corrected) with higher variation 278 among the cryptic species, as expected given the broad taxonomic range of the members 279 of this group (Fig 2) . 280
About 9% of the highly expressed genes (n= 1,931) also showed a phylogenetic 281 signal (i.e. significant fold changes in expression levels between Oophaga and all other 282 anurans). Most of these genes (n=1,656; 85.8%) show higher levels of expression in 283
Oophaga. The clustering analysis (Fig 1) Homology BLAST analyses revealed that 65% (n=1,252) show significant 292 similarities with annotated gene products and/or known protein domains (S4 Table; followed by response to stimulus (10%) and regulation of macromolecule metabolic 299 processes (7.3%). Within CC, the integral components of the cell membrane were highly 300 represented (39%), followed by protein complex (27%) and nuclear components (20%). 301
Within MF, most of the differentially expressed unigenes were assigned to metal ion 302 binding activity (21%), followed by protein binding activity and transmembrane 303 transporters (17%), oxidoreductase activity (12%) and structural molecule activity (10%) 304 (S5C Fig). The full functional annotation of these genes allowed us to propose plausible 305 mechanisms that may be involved in the ability to sequester alkaloid-based chemical 306 defenses, warning coloration and the auto-resistance mechanisms to avoid self-307 intoxication (S5 Table) . 308
309
DISCUSSION 310
Studies focusing on highly represented and differential gene expression in related 311 lineages have provided valuable insights into the molecular underpinnings of phenotypic 312 variation [46, 47] . These analyses rely on the premises that lineages show contrasting 313 phenotypes of interest, and that most differentially expressed genes relate to the trait of 314 interest rather than the overall of genomic differentiation between lineages. Here, we 315 examined shared patterns of gene expression in a small clade of closely related 316 aposematic frogs (Oophaga species). Because all members of this monophyletic group 317
show contrasting hues and accumulate alkaloid-derived toxins in their dermal glands [48, 318 49], we assumed that the genes related with these traits are likely to 1) be highly 319 expressed in the skin of Oophaga poison frogs and 2) showed contrasting expression 320 patterns between aposematic and cryptic and less (or not) poisonous species. Using 321 expression levels in a multivariate framework, we first identified ortholog genes that are 322 highly represented in Oophaga skin tissue and then, we compared with those 323 differentially expressed in the skin of contrasting groups and that show similar patterns of 324 expression among Oophaga species. We finally used a functional annotation analyses to 325 highlight a series of genes that are possibly associated with a series of aposematic traits. 326
The characterization of our skin transcriptomic profiles allowed us to identify 327 genes that are potentially associated with alkaloid transportation and resistance to 328 autotoxicity in poison frogs (Dendrobatidae). Because the alkaloids secreted by these 329 frogs are structurally very similar to those present in plants [18, [50] [51] [52] , it is reasonable to 330 assume that the transportation and accumulation of alkaloids in these frogs may be 331 carried out by similar systems to those described in plants in which alkaloids are 332 transferred from source to sink organs [53] [54] [55] . If so, at least, two alternative membrane 333 mechanisms may help to explain the transport and storage of unmodified diet-derived 334 alkaloid by the specialized cells of skin secretory glands. First, alkaloids in a lipophilic 335 state may freely pass through the cell membranes by simple diffusion and accumulate in 336 acidic secretory lysosomes if they become protonated to form hydrophilic cations. This 337 ion-trap mechanism is not energy-dependent and does not necessarily require the 338 expression of any transporters. Alternatively, the transportation of alkaloids may be 339 managed by proton-antiport carrier systems in an energy-requiring manner [56] [57] [58] . 340 Under this alternative model, diet derived alkaloids may be taken up by ABC transporters 341 [59, 60] and may accumulate in the secretory lysosomes of the skin gland cells by a 342 cation exchanger antiporter (CAX) system, dependent on the pH gradient generated by 343 "vacuolar" type ATPases (V-H + -ATPases) and/or pyrophosphatases (V-H + -PPases). To 344 find some support for these two potential models that might explain the accumulation and 345 posterior secretion of dietary alkaloids, we investigated the common transcriptional 346 profile across Oophaga species. For each of these species, our differential expression and 347 transcript abundance analysis revealed that at least 15 homologs of different type II CAX 348 are highly expressed in skin tissue (S5 Table) . A result suggesting the existence of an 349 active membrane transportation-accumulation mechanism of alkaloids in harlequin 350 poison frogs. Consistent with this hypothesis, we also found putative ABC transporters 351 and at least one V-H + -ATPase on the skin transcriptome. All together, these results 352 suggest that active lysosomal exocytosis may play a key role in the secretion of alkaloids 353 in these frogs. 354
The accumulation of toxic compounds implies that organisms must avoid self-355 intoxication (auto-resistance). While the membrane transportation mechanisms described 356 above reduce auto-toxicity by compartmentalizing the sequestered alkaloids, other non-357 alternative excluding mechanisms are likely to contribute to auto-toxicity resistance. In 358 harlequin poison frogs, the major toxic components present in skin tissue are 359 histrionicoxins (HTX) [51] . These alkaloids are known to cause temporary paralysis or even death by inactivating or blocking voltage-gate ion channels [61] . Resistance to this 361 type of cytotoxic compounds usually arises through either, an increased expression level 362 of P450 enzymes (CYPs) that metabolize the toxin, or through target insensitivity via 363 mutations that reduce the toxin's ability to bind the ion channel itself [62] . Our analyses 364 revealed that five CYP homologs are amongst the most highly expressed genes in the 365 skin of harlequin poison frogs (S5 Table) . This result suggests that the oxidative 366 biotransformation of lipophilic alkaloids to hydrophilic compounds [63] is an important 367 auto resistance mechanism in these frogs. Although the overproduction of the CYP-368 enzymes has been interpreted as evidence for metabolic detoxification [64] , there is an 369 alternative explanation for the high expression levels of CYP proteins in skin of harlequin 370 poison frogs. While many of the alkaloids sequestered in the wild are accumulated 371 unchanged in the dermal glands, at least two species of dendrobatids, stereo-selectively 372 hydroxylate the toxic pumiliotoxin PTX-(+)-251D to convert it into a much more potent 373 toxin, the allopumiliotoxin aPTX-(+)-267A [17] . Both PTX-(+)-251D and aPTX-(+)-374 267A have been isolated from the skin of O. histrionica, and CYPs are known to be 375 involved in the stereo-selective hydroxylation of alkaloids [65] . Thus, it is also possible 376 that the CYPs expressed in the skin of harlequin poison frogs may enhance the 377 antipredator potency of ingested PTXs. 378
Despite the major role that detoxification enzymes may have in the resistance to 379 diet acquired toxins, mutations conferring constitutive resistance to alkaloids are also 380 likely to be involved in auto-resistance in chemically-defended dendrobatids. In insects, 381 single amino-acid substitution in the voltage-gated sodium channels (Na + K + -ATPases) 382 are responsible for resistance to host-plant phytochemicals [66] [67] [68] . In amphibians, the 383 only documented example of this this type of target insensitivity is from distantly-related 384 lineages of alkaloid-defended frogs, 24 species of Neotropical dendrobatids and the 385 aposematic Madagascar frog Mantella aurantiaca [69] . In all of these cases, they carried 386 different amino acid replacements in the inner pore of the voltage-gated sodium channel 387 Nav1.4 that are not found in other frog [70] . Our analyses revealed eight genes encoding 388 voltage-gated ion channel proteins (VGIC), one of which (8966), encodes the gamma-1 389 subunit of a sodium channel. 390
Aposematism in harlequin frogs is a complex phenotype that results from the 391 integration of different elements including unpalatability and conspicuousness. Thus, 392 another of our goals was to identify genes potentially related with warning coloration. 393
Many aposematic organisms, including the Oophaga poison frogs studied here exhibit 394 color patterns that show strong color and/or luminance contrast such between black and 395 red, orange or yellow [15] . It has been proposed that such patterning increases aversion 396 learning as well as conspicuousness and distinctiveness from palatable prey [71] [72] [73] [74] [75] [76] . In 397 anurans, coloration relates to both the structure and pigment composition of the dermal 398 chromatophore units in which three types of pigment cells (xanthophores, iridophores and 399 melanophores) are laid one on another [77] . In dark/black skin areas of harlequin poison 400 frogs, no xanthophores or iridophores are present and the distal fingers of the 401 melanophores are filled with melanin granules (melanosomes) obscuring the dermis [15] . 402
Thus, genes involved in the amount, size and distribution of the melanosomes are likely 403 to play a significant role in the coloration pattern of these frogs. 404
In one of the few detailed studies of coloration in anurans [78], authors suggest a 405 common origin for of all the pigment granules found in the cells of the chromatophore: a 406 primordial organelle (vesicle) derived from the rough endoplasmic reticulum (RER). 407 According to this model, in the formation of melanosomes, the pre-melanosomes are 408 derived from cisternae of the RER, which then fuse with vesicles derived from the Golgi 409 complex containing tyrosinase enzymes [12, [78] [79] [80] [81] . A highly expressed gene identified 410 here (tyrosinase regulator, 25062) may contribute to regulate this mechanism, which in 411 turn might translate into hue differences. Interestingly, among Oophaga species, we have 412 found populations that are characterized by light-brown background coloration as oppose 413 to black [15, 22] . One tantalizing possibility is that this phenotypic difference is indeed 414 associated with the expression differences of these tyrosinase enzymes. 415
Obviously, there are other molecular and cellular mechanisms that might be 416 associated to the difference between light and dark background coloration. In fishes and 417 amphibians, dark hues are known to be produced by the interaction between high levels 418 of melanocyte-stimulating hormone (α-MSH) and several variants of its transmembrane 419 receptor (MC1R) through the dispersion of melanosomes within the melanophore (by 420 increasing cAMP intracellular levels) [82, 83] . Thus, it is possible that structural or 421 expression differences in the MC1R might contribute to dark phenotypes in Oophaga 422 frogs. While there is a strong evidence that different mutations at MC1R cause either 423 light or dark phenotypes in many mammals, birds and reptiles [84] [85] [86] [87] [88] , the only two 424 studies conducted in frogs are inconclusive [89, 90] . A detailed inspection of the coding 425 sequences recovered for this gene revealed the presence of different length isoforms, 426 making MC1R a promising candidate gene candidate to explain the differences in 427 background coloration in poison frogs [15] . Finally, our study revealed another two 428 highly and differentially expressed genes (14447-Melanoregulin-; 2038-Melanocortin phosphoprotein) , which may also contribute to dark hues. In this case, the predicted 430 products of these genes are key proteins that mediate the melanosome transport and 431 distribution in epidermal cells through the formation of a tripartite protein complex [91] . 432
The disruption of the transport protein complex results in pigmentary dilution and lighter 433 phenotypes by the clustering of melanosomes around the nucleus [92] . 434
Overall, this study demonstrates the utility of using RNA-sequencing with non-435 model organisms to identify loci that may be of adaptive importance. Altogether, these 436 data enabled us to provide a first global study of Oophaga poison frogs transcriptomes 437 and propose potential mechanisms for alkaloid sequestration, auto-resistance to toxic 438 compounds, and variation in coloration and patterns. It is important to recognized that 439 due the sampling restrictions imposed to us (see methods), we are most likely missing 440 some of the genes responsible for these traits. It is also probable that the genes associated 441 with coloration, alkaloid metabolism, transport and storage are differentially expressed 442 not only in skin, but other tissues in the organism. Despite the potential caveats, other 443 molecular studies have shown that some of the genes identified in this study are indeed 444 potentially related with aposematic traits in dendrobatids [15, 70, 93] . 445
Despite the critical impact of genetic basis of coloration in the evolution and 446 diversification of aposematic phenotypes, the genetic architecture of coloration in poison 447 frogs (Dendrobatidae) remains virtually unexplored. Here, we report probably the first 448 RNA-seq study in Oophaga poison frogs, a model system for understanding the 449 relationship between toxicity, diet and coloration. The skin-expressed genes that we have 450 identified here provide initial working hypotheses to further unravel the molecular 451 genetics mechanisms to sequester alkaloid-based chemical defenses, warning coloration and the auto-resistance mechanisms to avoid self-intoxication. Hence, further analysis 453 aiming to compare the amino acid substitutions in the expressed cDNAs will provide 454 insights about the structure and function of each of these genes. 
